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Abstract. In this study, thin elastic films supported on a rigid substrate are brought into contact with
a spherical glass indenter. Upon contact, adhesive fingers emerge at the periphery of the contact patch
with a characteristic wavelength. Elastic films are also pre-strained along one axis before initiation of
contact, causing the fingering pattern to become anisotropic and align with the axis along which the strain
was applied. This transition from isotropic to anisotropic patterning is characterized quantitatively and a
simple model is developed to understand the origin of the anisotropy.
1 Introduction
Pattern formation in thin films has been an area of great
interest in soft matter physics [1,2,3,4,5,6,7,8]. Specifi-
cally, the study of elastocapillarity, which examines the
often competing interaction between interfacial capillary
interactions and elasticity, has become a growing area of
research [9,10,11,12]. Adherent materials favourably con-
tact solids, and the interfacial energy which drives the
adhesion can induce a deformation that is dependent on
the elastic modulus [13]. In this regard, when the adhe-
sive is a thin film, an instability was discovered indepen-
dently by Ghatak et al. [14] and Mo¨nch et al. [15] which
results in stunning pattern formation. These groups found
that fingering and labyrinth patterns form when adhesive
contact is made with thin elastic films. This adhesion-
induced fingering instability has been studied in multi-
ple works since the discovery [16,17,18,19,20,21,22,23,
24,25,26], with much of the work summarized recently
by Chaudhury, Chakrabarti and Ghatak [27].
Experimentally, this instability may be observed when
a thin elastic film is sandwiched between two rigid sur-
faces. An example of the instability occurs when a film
is bonded to one of the rigid surfaces, while the other
rigid surface – the indenter – is brought into contact with
the free film interface. When contact is made it is sel-
dom perfect resulting in gaps due to defects, or purpose-
fully through the use of a spacer, or upon retraction of
the indenter. This gap is crucial for the instability to de-
velop, and experiments have been performed with spacers
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Fig. 1. (a) An indenter (black) is brought close to the surface
of an elastic film (red) placed on a substrate (grey). (b) A
characteristic wavelength, λ, forms in the elastic film when the
indenter is brought into contact with the surface and contact
fingers form. (c) Experimental setup: a glass spherical indenter
is attached to a motorized actuator (not shown) and brought
into contact with the elastic film. The contact patch is viewed
from below through a clear glass slide (shown as grey lower
substrate) via optical microscopy. Schematics are not to scale.
[14,15,17], or by ensuring complete contact is made and
then minimally retracting the indenter to debond from
the film [17,18,19,20,21,22,23]. The resulting fingering
pattern has a well-defined wavelength, λ, that is found
to be independent of the gap formation method [shown
schematically in fig. 1(a) and (b)]. This wavelength can
be understood as a competition between interfacial en-
ergy which favours adhesion and the elastic cost associated
with the deformation of the elastic film. The interfacial en-
ergy dictates that the elastic adhesive film preferentially
contacts the rigid surfaces. However, in order for the adhe-
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sive film to span the gap an elastic deformation of the film
is required. The last ingredient towards understanding the
instability is that the volume of the elastomeric film must
be conserved (Poisson’s ratio for elastomers is ν ≈ 1/2).
Thus, starting from an indenter that is some distance from
the film [see fig. 1(a)] the free energy can be reduced by
deforming the elastomer such that contact between the
indenter and the film is made. However the deformation
must be accompanied by a depletion region due to volume
conservation. At some distance from the contact made by
the finger, an other finger can be formed [see schematic
cross-section in fig. 1(b)]. Starting from these simple as-
sumptions, a theory can be developed which accurately
captures the emergence of a natural wavelength [15,16].
In agreement with the theoretical model, numerous
studies found that the wavelength depends only on the
thickness, h, of the elastic film, and is independent of ma-
terial parameters like the surface tension, γ, and shear
modulus, µ. Data from many experiments were found to
collapse onto one master curve well fit by λ = 3.8h [27].
Vilmin et al. [20] used a simple scaling argument to show
that the wavelength only depends on h because of in-
compressibility (volume conservation), finding λ ≈ 4h. A
study by Gonuguntla et al. [18] used a linear stability anal-
ysis matched with experiments to show that for thin films
where the surface tension becomes dominant in compari-
son to the cost of the elastic deformation, the wavelength
is no longer linear with h. Specifically, when the dimen-
sionless parameter γ/(µh) is large, the additional energy
penalty associated with the surface tension increases the
wavelength, which is especially important for thin films
prepared from low modulus materials (µ < 1 MPa). Ex-
periments by Chakrabarti and Chaudhury followed up on
this work and expanded on the result: while still report-
ing a linear relationship, they found λ/h > 4, for soft elas-
tic materials where the elastocapillary length γ/µ satisfies
γ/µ > h [21].
Multiple aspects of this adhesion-induced fingering in-
stability have been studied since its discovery, including
finger amplitude [20] and morphology [17]. Recent simula-
tions and a more comprehensive theory using a cohesive-
zone model have been developed [25]. However, there are
still aspects of this instability which are not fully under-
stood, as outlined in the review by Chaudhury et al. [27].
One such unknown is a quantitative analysis of the finger-
ing instability in pre-strained films: Ghatak and Chaud-
hury showed qualitatively [19] that indenting a pre-strained
film causes triangular tips of the fingers along the high-
strain axis, but no further study was reported.
In this article, we examine the instability pattern that
appears in thin elastic films when indented with a spher-
ical indenter, for films with h < 1 µm and γ/µ < h; a
regime where the linear dependence, λ ∝ h, is expected
to be valid. We measure the wavelength of this instability
and show that the scaling of wavelength with film thick-
ness is indeed linear, consistent with previous work. More
importantly, we present experiments where the adhesive
film is uniaxially strained prior to initiating contact. We
find that finger growth is energetically favourable paral-
lel to the high-strain axis. As we will show with a simple
theoretical model, this is because the tension modifies the
compliance of the film, which makes deformation easier in
one direction relative to the other. Thus, the fingers tend
to align along the high-tension axis. Lastly, we investigate
how the anisotropy in the fingering pattern increases with
increasing pre-strain.
2 Experiment
Samples were prepared from a styrene-isoprene-styrene
triblock copolymer (SIS, with 14% styrene content, Sigma
Aldrich) which is a physically crosslinked elastomer at
room temperature. SIS films were spincoated onto freshly
cleaved mica sheets (Ted Pella Inc., 2.5 cm×2.5 cm) from
solution. These solutions were made by dissolving SIS in
toluene (Fisher Scientific, Optima grade) in various con-
centrations to make elastomeric films of varying initial
thicknesses, h0 = {415, 436, 510, 705, 890} nm. In addition
to spincoating onto mica, one sample of each thickness was
spincoated onto a silicon (Si) wafer (University Wafer) for
film thickness measurement using ellipsometry (Accurion,
EP3). The measured film thickness on the Si was assumed
to be identical to the film thickness of the films spincoated
onto mica. About 20 films of each thickness were spin-
coated onto mica sheets.
The films were annealed at 108◦C for 15 minutes so
that the triblock copolymer was in the melt state, as well
as to remove excess solvent and relax the polymer chains.
The SIS films were then floated onto the surface of an
ultra-pure water bath (18.2 MΩ · cm). The floating films
were then picked back up onto the original mica sheet such
that a thin layer of water between the film and the mica
was present. This floating process allowed the film on mica
to be transferred off the mica sheet and onto a custom-
built stretching setup, which was used to apply a strain
to the film along the x-axis while ensuring zero strain in
the perpendicular y-axis (see fig. 2).
The stretching setup consisted of a sheet of Elastosil
with thickness ≈ 200 µm (Wacker Chemie) cut to the
shape shown schematically in fig. 2, and clamped on each
of its four edges. Elastosil is an elastomer that has uni-
form thickness, is compliant, and remains taught when
stretched. The shape of the Elastosil sheet was chosen such
that upon stretching the sheet, a nearly uniform strain was
applied to the central hole where the SIS film was placed.
The SIS film was transferred from the mica sheet onto the
top of the Elastosil sheet, centred around the circular hole
as shown schematically in fig. 2. Pictures of the hole were
taken before and after stretching and were analyzed by
a custom Matlab program in order to obtain the strain
conditions in the film. Films were stretched along the x-
axis by a factor of 1 to 1.6 times their initial length, thus
the extension parameter Λ varied from 1 to 1.6, while no
strain was applied along the y-axis (see fig. 2). Note that
the strains applied in this work were limited to Λ ≈ 1.6,
since beyond this point the thin free-standing films of SIS
may begin to experience material failure. The limiting
strain was less for the thinner films and any samples that
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Fig. 2. Schematic of film transfer to custom-built stretching
setup. (a) After the floating process, a thin layer of water re-
mains between the mica sheet and the SIS film. (b) The SIS
film is unstrained on the Elastosil; a corresponding top view
is shown. (c) A uniaxial strain is applied, causing the hole to
transition from a circle to an ellipse, uniformly straining the
SIS film by a factor Λ along the x-axis.
showed signs of failure due to straining or defects were
discarded. Since SIS is an elastomer with Poisson’s ratio
ν ≈ 1/2, volume is conserved (i.e. no change in density
upon straining). Thus, Λx = Λ;Λy = 1;Λz = 1/Λ. As a
consequence, films with an initial thickness of h0 thin to a
thickness of h = h0/Λ. After the stretching process, each
film was transferred to a glass microscope slide by bring-
ing the slide into contact with the SIS film from above. SIS
preferentially sticks to glass compared to Elastosil, ensur-
ing that the strain imposed on the SIS film remained after
transfer.
In order to carry out the adhesion contact experiment
the samples were placed onto an inverted optical micro-
scope as shown schematically in fig. 1(c). The indenter,
a convex spherical lens (ThorLabs Inc., with a diame-
ter of 6 mm and focal length of 30 mm) was brought
into contact with the elastic film using a precision actua-
tor (Burleigh 8200 Inchworm) until the instability pattern
formed. Images were recorded with a microscope camera
(AVT GigE Vision GT1660). Sample images can be seen
in fig. 3(a)-(c). Multiple experiments were carried out on
each film: the indenter was retracted and re-positioned
such that subsequent experiments were carried out on an
undisturbed area of the film.
3 Results and discussion
The experimental data obtained in the experiments con-
sist of the instability images – typical results are shown in
fig. 3(a)-(c). In the images one can clearly see the central
contact patch with the contact fingers radiating outwards.
In the middle of the image, there is no gap and there is per-
fect contact between the film and the indenter, resulting in
a dark contact patch due to the interference of light. As a
result of the convex shape of the indenter the distance be-
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Fig. 3. Adhering fingers grow out from the centre of the con-
tact patch created by the spherical indenter. For the examples
shown, the films have an initial thickness h0 = 705 nm. Opti-
cal microscopy images of the contact morphology are shown for
different strains: a) Λ = 1, b) Λ = 1.12, and c) Λ = 1.55 (scale
bars are 10 µm). Corresponding FFTs [(d)-(f)] are shown to
the right of each image. The angular average of the Fourier
intensity is shown (arbitrary units) as a function of spatial
frequency in (g). The radially averaged Fourier intensity as a
function of the angle is shown in (h).
tween the two rigid bodies increases away from the centre
and eventually a gap opens up. Within this region the fin-
gering instability is observed. The gap thickness increases
away from the centre and the contacting fingers grow to
a limiting radius where the gap is too great – if the gap
is too large, then the decrease in the free energy due to
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adhesion is no longer sufficient to deform the elastic film
and the fingers cannot grow.
We divide the following discussion of our results into
four main parts. In section 3.1, we discuss the image anal-
ysis process. The wavelength and anisotropy parameter
results are presented in section 3.2 and 3.3, respectively.
Finally, we discuss the theory in section 3.4.
3.1 Image analysis
To analyze the data, a two-dimensional fast Fourier trans-
form (FFT) of each image is calculated using a custom
Matlab code. Sample FFTs are shown in fig. 3(d)-(f).
There are two parameters that we extract from the FFT:
the wavelength, λ, of the instability pattern which corre-
sponds to the distance between consecutive fingers, and
the orientation of the fingers which we characterize by an
anisotropy parameter, s, as defined below.
Characteristic wavelength: From the FFTs, we plot the
angular average of the intensity as a function of spatial
frequency. This plot (sample plots shown in fig. 3(g)) dis-
plays a peak, and the value of spatial frequency at the
maximum of this peak corresponds to the inverse wave-
length, λ−1. The wavelength was calculated in such a way
for each image. The measured value reported for a given
film thickness is the average of three to eight images from
multiple experiments on a single film, with the error cal-
culated as the standard deviation. Results are discussed
in section 3.2.
Anisotropy parameter: The orientation of the pattern
is encoded in the angular dependence of the Fourier in-
tensity. The radial average is calculated over an annulus
which encapsulates the ring corresponding to the high in-
tensity; where the annulus is defined by the radii r+ and
r−, with r± =
(
λ−1 ± 0.1)µm−1. We plot the radial av-
erage of the Fourier intensity as a function of angle, I(φ),
and typical data can be seen in fig. 3(h). To quantify the
orientation, we use a parameter similar to the order pa-
rameter typically used for liquid crystals [28,29,30,31]. In
two dimensions, the anisotropy parameter s is given by:
s =
∫ [
2 cos2(φ)− 1] · I(φ) dφ. (1)
The anisotropy parameter is calculated using equation (1)
independently for each image. The measured value re-
ported for a given film thickness is the average of three to
eight images from multiple experiments on a single film,
with the error calculated as the standard deviation. Re-
sults are discussed in section 3.3.
3.2 Wavelength
The wavelength is obtained from plots as shown in fig. 3(g).
The data shown in this figure corresponds to films of equal
initial film thickness. As the strain is increased, the films
become thinner and there is a corresponding shift in the
peak towards smaller wavelengths, which is clearly visible
0 500 1000
0
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Fig. 4. Wavelength as a function of SIS film thickness. The
data includes strained films (1 ≤ Λ ≤ 1.6), with final film
thickness h = h0/Λ. The data is fit to a line through the origin
with a slope of 6.7.
in fig. 3(g). Figure 4 shows the results of a full wavelength
analysis. The wavelength is plotted as a function of the fi-
nal film thickness (i.e. after the strain has been imposed).
The final film thickness h is calculated using volume con-
servation as h = h0/Λ. We find that all data falls on one
master curve, with film thicknesses ranging from about
350 nm to 900 nm. The wavelength is linear as a function
of film thickness, which is consistent with previous work
[14,15]. The data is fit to a line forced to go through the
origin as suggested by previous theoretical work and vali-
dated by experiments [16,20,27]. We find the slope of the
fit to be 6.7. This is a larger value than the one found by
most previous work, where the relation that is most agreed
upon in the literature is λ = 3.8h [27]. Interestingly, a re-
cent study revealed a similar prefactor to that obtained in
fig. 4 with λ ≈ 7h [21]. Therein, Chakrabarti and Chaud-
hury suggest that this larger slope value is due to the
film material having a low shear modulus (and therefore
a large elastocapillary length γ/µ). However, the shear
modulus of SIS is approximately 0.27 MPa [12], which is
much higher than the modulus of the gel used in [21].
Moreover, we can approximate the elastocapillary length
γ/µ of SIS given its surface tension γ ≈ 30 mN/m [32,
33,34] and find that γ/µ ≈ 110 nm. Hence, γ/µ < h for
all film thicknesses used in this study, and the mechanism
found by Chakrabarti and Chaudhury does not appear
to be the cause of the relatively large slope that we find.
Alternatively, we hypothesize that the large slope found
in fig. 4 is a result of the specific spherical indentation
geometry used in our experiments. Indeed, for a spher-
ical indenter the fingers grow radially and the distance
between fingers increases until a new finger can nucleate
between them, resulting in a larger characteristic length
scale in the FFT.
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Fig. 5. The anisotropy parameter s (see definition in eq. (1))
as a function of relative strain Λ, for several films with initial
thickness h0 as indicated.
3.3 Anisotropy parameter
We calculate the anisotropy parameter, s, as a function of
relative strain in the film, Λ, for all films, as outlined in
section 3.1. Figure 5 shows the results of the anisotropy
parameter analysis. Films that are unstrained before in-
dentation (Λ = 1) develop upon indentation a fingering
pattern that is isotropic (fig. 3(a)), i.e. axisymmetric in
the Fourier plane (fig. 3(d)), which corresponds to s = 0,
within experimental error. Slight deviations from s = 0
are due to pre-stresses in the film that are incurred dur-
ing the transfer of the elastic films.
With increasing Λ, the fingering pattern transitions
from isotropic to anisotropic, and s monotonically increa-
ses. Indeed, the fingers align preferentially with the high-
tension axis, as seen in fig. 3(c). In addition, the anisotropy
parameter appears to be insensitive to the film thickness.
Note that the theoretical maximum for s is 1, meaning
perfect alignment of every finger along one axis. However,
the experimental maximum remains below 1. This is due
to the geometry of the setup and the averaging process:
as the gap opens up, the fingers progress radially before
bending to align with the high-tension axis.
In order to illustrate the anisotropy obtained by ap-
plying a pre-strain, additional experiments were carried
out with a cylindrical lens on films with h0 ≈ 900 nm.
In fig. 6(a), the morphology for a pre-strained film, with
Λ ≈ 1.5, is compared directly to a film with no applied
pre-strain [fig. 6(b)].
3.4 Theory
In this section, we discuss why the fingering instability
pattern aligns with the high-tension axis in the film. How-
ever, we do not discuss the wavelength scaling theory, as
this has been explored extensively in previous works [15,
16,18,20,21,27,23].
(a) (b)
Fig. 6. (a) A strained SIS film (Λ ≈ 1.5; h0 ≈ 900 nm) in-
dented with a cylindrical indenter. (b) Identical sample as (a)
but with no applied strain. Here, the axis of the indenter is
aligned along the horizontal direction and the positive strain
in (a) is applied along the vertical direction. The scale bar is
20 µm.
When an unstrained elastomeric film is indented with
a sphere, the fingering instability pattern is axisymmetric
in the Fourier plane, with an anisotropy parameter s = 0.
In contrast, under strain the fingers emerge from the con-
tact patch radially and then re-orient axially along the
x-direction. Qualitatively, this happens because the film
is more compliant perpendicular to the high-tension direc-
tion. One can think of a stretched membrane: it is much
easier to pinch the membrane perpendicular to the high
tension, strained axis versus the parallel axis. Similarly
here, the incompressible elastic film which is bonded to
one interface must deform in order to span the gap be-
tween the rigid surfaces (see fig. 1(b)). Since the film is
under tension along the x-axis, it is more compliant along
the perpendicular y direction, thus facilitating the defor-
mation of the elastic surface in the y-z plane, and therefore
favouring fingers oriented along x.
To be more quantitative, the fingers are modelled by
a sinusoidal perturbation of the elastomer-air interface
along z, of amplitude A0, that is periodic along an axis
x˜ with wavelength λ = 4h, see fig. 7. We stress that x˜
is arbitrary, and can in particular be misaligned with the
stretching axis x. We thus introduce θ, the angle between
the y and x˜ axes.
The following analysis is inspired by previous work
[19,35]. We begin with a thin film in its as-prepared ini-
tial state, O. We then stretch the film along one axis x
with extension parameter Λ, to reach the stretched state
I. The sinusoidal perturbation above (periodic along x˜)
is then imposed as a boundary condition and results in
a displacement field u in the bulk of the elastomer. We
call state II the final state. The strain matrices F and F0
characterize the changes from state O to II and from O
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Fig. 7. We model the fingers by a sinusoidal perturbation
of the elastomer-air interface along z, of amplitude A0, and
wavelength λ = 4h along an arbitrary direction x˜ which makes
an angle θ with the x stretching axis.
to I, respectively:
O
F0→ I 1+∇u→ II. (2)
This yields:
F = (1 +∇u)F0. (3)
The Cauchy stress tensor is given by:
σ = 2µF : F
T
, (4)
where µ is the shear modulus of the elastomer, and where
we neglect the hydrostatic pressure. The equilibrium state
II is characterized by ∇ : σ = 0. In addition, assuming
incompressibility, one has ∇.u = 0. Using the boundary
conditions indicated in fig. 7, we can solve for u. The
elastic energy Eel of a finger (per unit length in the finger’s
direction) is incorporated in the elastic energy (per unit
length) of one period, i.e. the trace of ∇u : σ integrated
over one period:
Eel =
∫ h
0
dz
∫ λ
0
dx Tr
(∇u : σ) . (5)
Finally, we obtain:
Eel(Λ, θ) =
E0
2
[
1 + Λ2(Λ2 sin2 θ + cos2 θ)
]
f(Λ, θ), (6)
where E0 = piµA
2
0/2, and:
f(Λ, θ) = coth
(
2pi
λ
hΛ
√
Λ2 sin2 θ + cos2 θ
)
. (7)
The elastic energy we obtained has two dependencies:
the extension parameter Λ, and the orientation of the fin-
ger encoded in θ. Note that, since the adhesive contribu-
tion is independent of θ, we can forget it for our present
=1.1
=1.3
=1.5
=1.6
E
el
E
0
0 ⇡
6
⇡
3
⇡
2
1
2
3
4
Fig. 8. Normalized elastic energy of a model finger (see fig. 7)
as a function of the orientation angle θ, as given by equation
(7), for four values of the extension parameter Λ as indicated.
matter and focus only on the elastic contribution. In fig. 8,
we thus plot the elastic energy as a function of θ for sev-
eral Λ. When Λ = 1, which corresponds to no stretching,
Eel = E0 coth(pi/2). This value is independent of the ori-
entation of the finger, resulting in what we refer to as
an isotropic morphology. In contrast, as soon as the elas-
tomer is stretched, one has Λ > 1 and the elastic energy
increases with θ, for θ between 0 and pi/2. Moreover, the
effect is amplified with increasing Λ. This result implies
that the larger the strain, the more θ = 0 is a favoured ori-
entation, and thus the overall morphology becomes more
anisotropic, in agreement with experiments.
Finally, we note that the preference for deformation
along the low-strain direction in comparison to the high-
strain direction bears similarity with the results by Chateau-
minois et al., who studied friction on elastomeric surfaces
with a pre-strain [36]. In these recent results, the authors
found that the friction increases as a function of pre-strain,
but that the increased friction is isotropic and independent
of the indenter’s geometry.
4 Conclusion
In this work, thin elastic films were indented using a spher-
ical indenter, and the resulting adhesion-induced fingering
instability was observed. The wavelength of the fingering
pattern was measured and was found to be in agreement
with the literature. Furthermore, the orientation of the fin-
gering pattern was characterized quantitatively as a func-
tion of pre-strain in the film. It was found that the fingers
align with the axis of elongation of the elastomer. A liquid-
crystal-like anisotropy parameter was introduced in order
to reveal and quantify the increase of alignment with pre-
strain. Interestingly, the anisotropy parameter was shown
to be mostly independent of film thickness. Finally, it was
shown theoretically that it is energetically favourable for
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the fingers created by this instability to align with the
high-tension axis, confirming results from experiment.
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